In this paper, we present a fast yet effective method for pixel-level scale-invariant image fusion in spatial domain based on the scale-space theory. Specifically, we propose a scale-invariant structure saliency selection scheme based on the difference-of-Gaussian (DoG) pyramid of images to build the weights or activity map. Due to the scale-invariant structure saliency selection, our method can keep both details of small size objects and the integrity information of large size objects in images. In addition, our method is very efficient since there are no complex operation involved and easy to be implemented and therefore can be used for fast high resolution images fusion. Experimental results demonstrate the proposed method yields competitive or even better results comparing to state-of-the-art image fusion methods both in terms of visual quality and objective evaluation metrics. Furthermore, the proposed method is very fast and can be used to fuse the high resolution images in real-time. Code is available at https://github.com/yiqingmy/Fusion.
Introduction
Pixel-level image fusion intends to combine different images of the same scene by mathematical techniques in order to create a single composite image that will be more comprehensive and thus, more useful for human or machine perception [1, 2] . For instance, multi-modal image fusion [3] tries to fuse images which have been acquired via different sensor modalities exhibiting diverse characteristics for a more reliable and accurate medical diagnosis. Another typical application is the multi-focus image fusion [4] . As the depth-of-field (DoF) of bright-field microscopy is only about 1˜2 micrometers, while the specimen's profile covers a much larger range and then the parts of the specimen that lie outside the object plane are blurred. The multi-focus image fusion can obtain an all-in-focus image from multiple images taken under different distance from the object to the lens of the identical view point.
A good image fusion method should contain the following properties. First, it preserves both the details of small size objects and the integrity information of large size objects in the fused image, even in the case of the size of the interested objects varying largely in the image. For example, the cervical cell images from the microscope contain both small size isolated cells and large size agglomerates, which are both useful for cervical cytology [5] . Second, it should be efficient enough to handle large-scale data. For instance, it needs to process thousands of fields of view (FoV) in an acceptable time for the whole slide scanning in digital cytopathology [6] , which requires to fuse a series of high resolution images captured at each FoV in a very efficient way. Third, it does not produce obvious artifacts. Despite being studied extensively, to our best knowledge, existing fusion methods may not meet these requirements simultaneously.
In this paper, we propose a simple yet effective image fusion method which can deal with the case where the size of the interested objects varies largely in the image, which is illustrated in Figure 1 . It is a spatial domain method and the key idea is the scale-invariant structure saliency generation based on the difference-of-Gaussian (DoG) pyramid [7] .
After generating the saliency map of each image, a simple max operation is applied to them to generate the mask images, which are further refined by a single-scale guided filtering [8] to exploit the spatial correlation among adjacent pixels, resulting a scale-invariant estimation of activity maps. Without complicated processing involved, the proposed method is very fast and can be used to fuse the high resolution images in real-time applications. Experimental results demonstrate that comparing to many state-of-the-art methods, the proposed method is much faster while yields competitive or even better results in terms of both visual and quantitative evaluations. Our contributions in this paper are as follows:
• We propose a scale-invariant structure saliency selection scheme based on the difference-of-Gaussian (DoG) pyramid of images. The resulting image fusion method can keep both details of small size objects and the integrity information of large size objects in images simultaneously.
• Our method is very efficient, easy to be implemented and can be used for fast high resolution images fusion.
• Comparing to many state-of-the-art methods, our method yields competitive or even better results in terms of both visual and quantitative evaluations on three datasets.
Related works
Various of image fusion techniques have been proposed in literatures which can be roughly classified into two categories [1] : transform domain methods and spatial domain methods. The transform domain methods are mainly based on the "decomposition-fusion-reconstruction" framework, which first transforms each source image into a new domain by some tools such as multi-scale decomposition (MSD) [9, 10] , or sparse coding [11, 12, 13] or other transformation like principal component analysis (PCA) [14] , etc., and then constructs a composite representation in the transform domain with specific fusion rules and finally applies the inverse transform on the composite representation to obtain the fused image.
The spatial domain method is to take each pixel in the fused image as the weighted average of the corresponding pixels in the input images, where the weights or activity map are often determined according to the saliency of different pixels [15] and the corresponding spatial context information [16, 17, 18, 19] . Recently there are emerging deep learning-based fusion methods [20, 21, 22] which learn the saliency map and fusion rule based on convolutional neural network (CNN).
Here we will review some related methods and explicitly distinguish them from the proposed method. Some comments are given in order:
• The multi-scale fusion has the advantages of extracting and combining salient features at different scales, which is widely used in the transform domain methods. The pyramid transform and wavelet transform are the two most used categories of multiple scale decomposition schemes. For instance, the nonsubsampled contourlet transform (NSCT) [23] and the dual tree complex wavelet transform (DTCWT) [24] are used to decompose the image into a serials of subbands and then perform coefficients fusion in the transform domain, while the method of LP-SR [25] uses the multi-scale Laplacian pyramid transform. Instead of performing coefficient at each scale individually, the cross-scale coefficient selection method [26] calculates an optimal set of coefficients for each scale in the transform domain. Different from these methods, our method perform multi-scale fusion directly in the spatial domain. • The method of multi-scale weighted gradient fusion (MWGF) [24] tries to combine all the important gradient information from the input images into an optimal weighted gradient image based on a two-scale scheme. Then reconstructs a fused image based on the approximately optimal weighted gradient image. However, such a simple two-scale scheme can not handle large scale variation of objects, which will result in blur or distortion in the final fused image. Moreover, the reconstruction needs to minimize the energy function which may be time-consuming.
Our method searches across the entire scale-space and the reconstruction only needs to calculate the weighted average of the corresponding pixels intuitively in the input images so that it can be very efficient.
• The GFF-based method [16] also employs the guided filtering to combine pixel saliency and spatial context for image fusion. However, the pixel saliency calculated in the GFF-based method can only extract salient features at two scales. Moreover, for each source image, the GFF-based method needs to perform guided filtering twice to refine the weight maps of base layer and detail layer separately, which is a bit time-consuming. Due to the scale-invariant saliency selection, our method can deal with the case of large scale variation and is faster than GFF-based method.
• The CNN-based image fusion methods [21, 22] try to use CNN to learn the saliency map of each images. Specifically, the CNN models for patch similarity comparison [27] are trained using high-quality image patches and their blurred versions to encode the mapping between the source image and the corresponding saliency map [21] . Obviously, those CNN-based methods need to perform very complicated training. In order to deal with more than two images, the CNN-based methods try to fuse them one by one in series making the inference is very time-consuming.
The Proposed Method

Scale-Invariant Saliency Selection
Our scale-invariant saliency selection scheme is based on the scale space theory [28] . It has been shown that under a variety of reasonable assumptions, the only possible scale space kernel is the Gaussian function, and the scale space of an image can be produced by convolving the image with variable-scale Gaussian. Here we adopt the scheme in [7] to generate the sampled scale space. The initial image is incrementally convolved with Gaussian function to produce images separated by a constant factor k in scale space and each octave of scale space is divided into several layers with an integer number s, where k = 2 1/s . Once a complete octave has been processed, the first Gaussian image of the next octave has twice the initial value of σ and is down-sampled by taking every second pixel in each row and column of the Gaussian image in its previous octave.
We then utilize the sampled scale space of image I(x, y) to generate the corresponding scale-invariant saliency map S(x, y). Inspired by [7] , we first define a scale-dependent saliency metric S σ based on the difference of Gaussian (DoG) response which can reflect the local image structure at the current scale σ and is robust to noise as follows
where
2 ) is the Gaussian function and * is the convolution operator. The absolute values of the DoG response are further averaged in the neighborhood of the point by smoothing with a Gaussian with parameter of σ I (integration scale).
It should be noted that instead of using the DoG-based response, we can try to use some derivatives-based alternatives [29] . For example, we can define the following gradient-based metric
or the following scale-normalized metric based on Laplacian of Gaussian (LoG)
Here we use the DoG-based metric (1) in that the DoG operator is a close approximation of the LoG function but can significantly accelerate the computation process [7] . Another kind of possible alternatives is based on the eigenvalues of the second moment matrix [29, 24] or Hessian matrix [7] , but it is far more complicated and less stable [30] .
To construct the scale-invariant saliency map S(x, y) of image I(x, y), for each position, we search the maximum saliency metric across the scale space
Due to the image resolution of each octave is different, we first apply max operation within each octave and then resize the resulting map to be exactly the size of the original image. The scale-invariant saliency map is finally obtained by applying the max operation across each octave, as shown in Figure 2 .
In our implementation, when generating the DoG pyramid, the number of octaves is o and we set initial scale σ 0 = 1 and then produce s + 1 images in the stack of Gaussian blurred images for each octave so that the saliency comparison per octave covers a complete octave. The integration filter g(σ I ) is a Gaussian low-pass spatial filter of size 3 × 3.
Activity Maps Generation and Fusion
A straightforward approach is to take the obtained scale-invariant saliency of each pixels as the corresponding activity or weight. However, it will introduce blur in the fused image. We adopt the simple non-max suppression to alleviate this problem, i.e. for i-th image I i (x, y), we can determine a mask M i (x, y) as the initial activity map by comparing the obtained scale-invariant saliency maps where n is the number of input images. However, as the above procedure compares pixels individually without considering the spatial context information, the resulting masks are usually noisy and will introduce artifacts into the fused image.
Moreover, there may exist more than one maximum at a spatial position in scale-space (i.e., there exist multi-scale structures). To deal with these situations, we can choose a sophisticated solution is to model the pixel saliency and spatial smoothness simultaneously into a energy function, which can be globally optimized by some tools such as graphcut techniques [31] , but the optimization is often relatively inefficient. Another choice is to perform the morphology smoothing operation which is very efficient but inaccurate which is likely to introduce errors or artifacts [24] . Guided image filtering [8] or joint bilateral filtering [32] is an interesting alternative, which provides a trade-off between the efficiency and accuracy. Following [16] , we determine the final activity map W (x, y) by applying guided filtering on the initial activity map as follows
where |ω| is the number of pixels in window ω(x, y) with size of (2r + 1) × (2r + 1) which is centered at pixel (x, y), a(x, y) and b(x, y) are the const coefficients of window ω(x, y) which are determined by ridge regression
b(x, y) =M (x, y) − a(x, y)µ(x, y).
Here µ(x, y) and δ 2 (x, y) are the mean and variance of image I in window ω(x, y),M (x, y) is the mean of the initial activity map M in window ω(x, y) and denotes the regularization parameter penalizing large a(x, y). The parameters of guided filtering are set to r = 2, = 2 in our implementation.
For each input image I i (x, y), we can determine the corresponding activity map W i (x, y) and then obtain the final fused image F (x, y) by For color input images, the activity map is repeated for red, green and blue channels respectively to generate the final color fused image.
Experiments and Discussions
To demonstrate the effectiveness and efficiency of the proposed image fusion method , we conduct a set of comparative experiments on three image datasets. The first is composed by 8 pairs of multi-modal medical images and the second one contains 15 pairs of multi-focus gray or color natural images. These two datasets are often used in many related papers and some examples are shown in Figure 3a and Figure 3b We compare our method with several state-of-the-art algorithms, which include dense SIFT (DSIFT) [33] , dual-tree complex wavelet transform (DTCWT) [24] , guided filter fusion (GFF) [16] , image matting (IM) [18] , CNN-based method [21] , Laplacian sparse representation (LP-SR) [25] , multi-weighted gradient fusion (MWGF) [24] , non-sampled contourlet transform (NSCT) [23] and boundary finding based method (BF) [19] . All the methods are implemented in Matlab except the CNN-based method which is implemented with C++ based on caffe [34] and the parameters of them are set with default values given by the authors. The results are compared in terms of both visual and objective quality. For the objective quality evaluation of image fusion, we adopt several commonly metrics, including the mutual information (MI) [35] , structural similarity (SSIM) [36] , quality index (QI) [37] , edge information preservation value (Q AB/F ) [38] , feature mutual information (FMI) [39] and visual information fidelity (VIF) [40] .
We first evaluate the performance of the proposed method under varying total number of octaves o and number of layers s sampled per octave. The fused images of a pair of multi-modal medical images with different o and s are shown in Figure 4 . In this example, on the one hand, when only 1 or 2 octaves are involved in constructing the DoG pyramid, the fused images fail to keep the integrity information of large size objects (e.g. eyeballs), while by increasing the value Figure 6 shows the fused images obtained by different methods with the multi-modal source images shown in Figure   3a . As shown in these figures, the proposed method can produce images which preserve the complementary information of different source images well. Moreover, due to the scale-invariant structure saliency selection, our method can keep the integrity information of large size objects and the visual details simultaneously. Although the fused image generated by other methods can also capture the details to some extent, all of them fail to keep the integrity information of large size objects such as the eyeballs. Furthermore, from Figure 6k -6t, the DTCWT, GFF, IM and NSCT methods may decrease the brightness and contrast while the proposed method can preserve these features and details without producing visible artifacts and brightness distortions. Figure 7 and Figure 8 show the fused images of different methods by fusing the natural image pairs shown in Figure   3b respectively. A closeup view is presented in the bottom of each sub-picture in Figure 7 . It can be shown from these figures that although all these methods generate acceptable fused images, our method produces slightly better results than others (see the halo artifacts in the magnified area of Figure 7 ). Figure 9 , Figure 10 and Figure 11 show the comparative fused results of the multi-focus cell images shown in Figure Figure 3b . Figure 3c . 3c. For clarity, we also present a closeup view in the right-bottom of each sub-picture in Figure 9 and Figure 10 . As shown in the close-up views of Figure 9 , the fused images based on DSIFT, IM, MWGF and BF methods are extremely blurred in the boundary and fail to keep the details of cell nucleus. Furthermore, the DTCWT and NSCT based methods produce halo artifacts in the fused images, while GFF and CNN based methods fail to preserve the small cell nucleus.
LP-SR based method nearly works fine which keeps the most of the details of the small size cells, but the integrity of the clustered large size cells is damaged. Fortunately, in our proposed method, the integrity of the clustered large size cells is preserved and most of the isolated small size cells are maintained from the original images, which demonstrates the best visual quality.
Similarly, as shown in the close-up views of Figure 10 , the fused images from DSIFT, IM, MWGF and BF are blurred and lose some nucleus details, while the results from DTCWT, GFF, CNN and NSCT produce halo artifacts. LP-SR based method can keep details well but also produces halo artifacts and other noise. Our method can preserve the focused areas of different source images well without introducing any artifacts. For the example illustrated in Figure 11 , the fused images generated by DSIFT, DTCWT, IM and NSCT all fail to preserve the focused areas of different source images and result in extremely blurred images. The GFF, CNN, MWGF and BF based method introduces a lot of color distortion of the nucleus regions and the obvious halo artifact. The result of LP-SR based method is close to the one of our method but introduces some odd color distortion. Again, our method produces fused image which can preserve the focused areas of different source images well without introducing any artifacts. The quantitative results of different fusion methods are shown in Table 1 . It can be seen that the proposed method yields competitive objective metrics on the natural multi-focus dataset and multi-focus cell dataset. For the multi-modal dataset, the metrics value is not the best but is nearly close to the best performance, such as the value of MI, SSIM, FMI.
We also compare the computational efficiency of each methods on the high-resolution color cell images with the size of 2040 × 1086. Experiments are performed on a computer equipped with a 4.20 GHz CPU and 8GB memory and all codes are available online. The average running time of different image fusion methods is compared in Table 2 . As mentioned before the method of DSIFT, DTCWT, GFF, IM, LP-SR, MWGF, NSCT and BF are all implemented in Matlab while the CNN-based and our method are based on C++, and therefore strictly speaking, the comparison is running time unfair. Here, we re-implement the GFF-based method with C++ and also include the corresponding running time in Table 2 to reveal the running efficiency of different implementation between Matlab and C++ to some extent. As shown in Table 2 , the guided filtering based methods, i.e. GFF-based and the proposed method are the most efficient methods while the CNN-based is the most time-consuming. Comparing to the original Matlab implementation, the GFF-method can be speeded up by almost 40% with C++ implementation, but it is still much slower than our method. We attribute this to the following reasons. First, the computation burden of the DoG-based scale-invariant saliency selection step can be negligible comparing to the computation burden of activity maps refinement step based on the guided filtering. The GFF-based method needs to perform guided filtering twice (each for both base and detail layers), while our method only needs to perform filtering one time to refine the activity maps of each source image. Second, instead of using the original color image, we use the gray one as the guided image to accelerate the activity refinement step. Due to the extremely efficiency, our method can be applied for some nearly real-time applications such as digital cytopathology [6] and can be furthermore accelerated through GPU programming.
Conclusion
In this paper, based on the scale-space theory we propose a very simple yet effective multi-scale image fusion method in spatial domain. To keep both details of small size objects and the integrity information of large size objects in the fused image, we first get a robust saliency map with the scale-invariant structure based on the DoG pyramid, which transfers the details and integrity detection of the objects into a scale-zooming intensive response. Then the activity map is constructed by non-max suppression scheme based on the saliency maps and refined by the guided filtering to capture the spatial context. Finally, the fused image is generated by combining the activity maps and the original input images
intuitively. Experimental results demonstrate that our method is efficient and can produce an all-in-focus image with a high quality, which can preserve the details and the integrity of very different size objects well. Meanwhile, due to the low-time complexity, the propose method can deal with high resolution images in a very efficient way and can be applied for the real-time application.
